Introduction
Mutations affecting the known Drosophila clock genes have been isolated in classical genetic screens. Since Oscillating gene expression is a universal feature of moour own genetic screens were tending to recover novel lecular clocks (Dunlap, 1999). The period length of clock alleles of previously recognized clock genes rather than gene oscillations determines the periods of behavioral mutations at novel loci (Price et al., 1998), we initiated and physiological rhythms. In most cases, this is very a molecular screen to identify genes regulated by the close to 24 hr, and hence these rhythms are called circaDrosophila clock. These clock-controlled genes (CCGs) dian. Mutations that alter single amino acids in proteins might oscillate in a clock-dependent manner or show encoded by clock genes can change the periods of altered patterns of expression in Drosophila clock muboth molecular cycles and behavioral rhythms in many tants. Any collection of CCGs could encompass compoorganisms (reviewed by Dunlap, 1999) . nents of (a) the entrainment (input) pathway, since cry Drosophila has the best understood molecular clock RNA levels show a circadian oscillation ( arrhythmicity. These latter phenotypes are associated with a block in per and tim expression, indicating that vri regulates the central clock. Accumulation of pigment dispersing factor (PDF), a neuroactive peptide hormone, is also suppressed, suggesting that vri additionally connects the clock to behavior.
Results

A Screen for Novel Clock-Controlled Genes
The circadian clock runs using a transcriptional negative feedback loop involving PER/TIM and dCLK/CYC complexes. We hypothesized that other genes with important clock roles may also be regulated by this loop. We used differential display to search for genes whose RNA levels in adult Drosophila heads respond to nuclear entry of the PER/TIM complex. We compared the profiles, over time, of wild-type flies and per 01 mutants to select for clock-controlled rather than light-regulated transcripts. per 01 mutants make no PER protein, and therefore no complex enters the nucleus. Figure 1A shows part of one differential display gel, with the arrow indicating an amplified cDNA fragment reproducibly downregulated in wild-type flies between ZT14 and ZT20. ZT denotes Zeitgeber time, time in a 12 hr light/12 hr dark (LD) cycle, and ZT14 and ZT20 correspond to times before and after movement of PER/ TIM complexes to the nucleus (Young, 1998). In contrast, there was no difference in the intensity of this fragment between ZT14 and ZT20 in per 01 mutants ( Figure 1A ), suggesting that this fragment is part of an oscillating CCG. There are other differences among the samples shown here, but these were neither clock dependent nor reproducible. The sequence of this CCG fragment revealed that it was part of the 3Ј untranslated region of vrille (vri), a gene encoding a basic zipper (bZIP) transcription factor with a role in the decapentaplegic signaling pathway during development (George and Terracol, 1997). Strikingly, vri shows strong conservation over its bZIP region to the PAR domain family of mammalian Figure 2B ). vri promoter sequence (2.8 kb), including all four sites, was fused to a luciferase reporter and transfected into Drosophila S2 cells either with or without an expression vector for dCLK. This assay was previously used to show that dCLK can activate the per and tim promoters in cultured cells, and it relies on the endogenous production of CYC in S2 cells (Darlington et al., 1998). Figure 2C shows that the vri, per, and tim promoters were all strongly activated by dCLK (658-, 49-, and 271-fold, respectively). To test whether the most conserved of the potential dCLK/CYCbinding sites in the vri promoter was sufficient for activation by this complex, we generated reporter constructs composed of four copies of either this wild-type sequence, or a mutant sequence in which the central CG is reversed, upstream of a basal promoter and a luciferase . We reasoned that with such a construct, endogenous factors would activate expression from the tim promoter, and subsequently GAL4 proteins should positively influence their own expression. In this way, oscillations from the tim promoter might be negated. We transformed flies with either this P element or with a UAS-vri cDNA P element, and crossed one tim(UAS)-gal4 line to three independently isolated UAS-vri lines (V1, V2, and V3). First, we tested the effects of these transgenes on vri oscillations. The results in Figure 4A illustrate that in the presence of driver but no UAS-vri transgene, vri RNA levels showed a 9-fold oscillation in flies held in constant darkness for 1 day. In contrast, in flies that also contain the UAS-vri P element, vri levels were close to the peak of the wild-type oscillation at all times of day ( Figure  4A ). There was still a 2.5-fold oscillation in vri RNA levels, but the phase of this weak oscillation was reversed with the peak now at CT2 (CT indicates circadian time: time in constant darkness). Our results demonstrated that the normal vri oscillation had been removed. We do not know the reason for the weak antiphase oscillation, but it may contribute to the behavioral phenotypes observed (see below). Data are only presented for line V3, but similar results were seen with V1 and V2 (data not shown). The RNAse protection probe used here measures total vri and does not differentiate between endogenous and transgene-derived vri. Tissue-specific vri expression proved to be necessary, since flies expressing vri from a different GAL4 driver consisting of GLASS response elements died during pupal development (data not shown).
Blocking the Normal Cycle of vrille Expression Causes Long-Period and Arrhythmic Phenotypes
Next we tested the behavioral rhythms of the three UAS-vri lines crossed to the tim(UAS)-gal4 driver and observed a series of phenotypes. Line V1 flies are all rhythmic, but the period of the behavioral rhythm is lengthened to 25.5 hr (Table 1 and Figure 5B ). However, we the phenotype of a hypomorphic dbt mutant (Price et al., 1998). They persist to form a subset of the adult LNs had no molecular evidence that line V3 retained lvLNs, since per and tim expression was undetectable. To deand can retain the memory of larval light-dark cycles and pulses (Sehgal et al., 1992) .
termine the fate of the lvLNs in V3, we monitored expression of PDF, whose expression in the brain lobes is Wild-type larvae (tim(UAS)-gal4 heterozygotes with no UAS transgene) were entrained to light-dark cycles restricted to the LNs. We found PDF immunoreactivity in line V3 that marked the expected number of pacemaker and then held in constant darkness for 1 day. They showed strong cycling of tim RNA with low levels at cells, but PDF accumulation was strongly reduced in each cell compared to wild type ( Figure 6A ). Line V2 CT3 and high levels at CT15 in the four to five lvLNs at the center of each brain lobe ( Figure 5A ), as previously also showed lower levels of PDF immunoreactivity, while V1 PDF levels were close to wild type (data not shown).
described (Price et al., 1998). Only one lobe is shown in each figure. TIM and PER proteins also oscillated with
Therefore, the lvLNs are still present in line V3, but continuous vri expression has downregulated PDF. We also low levels at CT9-10 and high levels at CT22 ( In contrast to the patterns of per and tim expression 6A and 6B, and data not shown). Since Clk Jrk and V3 larvae produce little PDF, pdf RNA detected in wild-type larvae, all of the UAS-vri lines showed abnormal cycling of clock gene products, with a levels were also measured. pdf RNA was not detectable in Clk Jrk lvLNs, whereas wild-type accumulation of pdf perfect correlation between the severity of the molecular phenotypes observed and the behavioral phenotypes RNA was found in V3 lvLNs ( Figures 6C and 6D ). This indicates a unique clock defect in Drosophila that conrecorded in Figure 4B . In line V1, tim RNA levels at CT15 were lower than in wild type ( Figure 5A ), and TIM protein tinuously express vri. The results also show that dClk and vri independently contribute to pdf regulation, with was predominantly cytoplasmic at CT22 in contrast to wild type, which showed nuclear staining at that time vri affecting a posttranscriptional stage of pdf expression. (see higher power magnification panels in Figure 5B ). In V1, PER protein was present at CT22, but weaker ( Figure  5C ) and largely cytoplasmic (data not shown). Line V2 Discussion produced very low levels of tim RNA and TIM protein, which was also cytoplasmic (Figures 5A and 5B) , and
In this study, we identified a novel regulatory loop composing part of the Drosophila circadian clock. We found PER protein was undetectable ( Figure 5C ). In line V3, there was no detectable tim RNA, nor any TIM or PER that vri RNA oscillates with the same phase as per and tim RNAs in adult heads, and that this is controlled by protein at any time point in constant darkness ( Figures  5A-5C ). In a separate experiment, tim RNA could not dCLK/CYC. These results demonstrate that the dCLK/ CYC complex regulates genes in addition to per and be detected in V3 larval brains at any of the time points taken every 4 hr between CT4 and CT24, while there tim in Drosophila. It had previously been shown that oscillates in the lvLNs in wild-type and V1 larvae, although there is less tim RNA in the latter. In V2 larvae, tim RNA is only weakly detectable in one lvLN at CT15, although no staining was seen in many other V2 brains. tim RNA is undetectable in V3 lvLNs. (B) TIM immunocytochemistry was performed essentially as described . TIM protein oscillates in the lvLNs between CT10 and CT22 in wild-type larvae, and also in V1 larvae. However, higher magnification of lvLNs (bottom panel) reveals that while TIM is nuclear in wild type at CT22, it is still largely cytoplasmic at that time in V1 larvae. TIM protein is weakly detectable in V2 larvae at CT22 and is also cytoplasmic (bottom panel blocked in Clk Jrk mutants and in Drosophila continuously expressing vri, but only Clk Jrk mutants produce their effect by eliminating pdf RNA; wild-type levels of pdf RNA are produced in V3 larvae (Figures 6C and 6D) . We conclude from these comparisons that the molecular phenotype of Drosophila continuously expressing vri can be distinguished from the phenotypes established by mutations of each of these previously identified clock genes. As discussed further below, these results suggest that vri acts through a novel pathway that coordinately affects expression of per and tim. that PDF can in turn influence function of the clock. In tim RNA levels are also low in all three lines continuthe cockroach, microinjection of PDF produces timeously expressing vri. VRI cannot act entirely as a negadependent shifts in the phase of the locomotor activity tive regulator of tim transcription because quite different rhythm (Petri and Stengl, 1997) . The magnitude of these effects on PDF expression stem from vri misexpression phase shifts (up to 4 hr) is similar to that produced and loss of TIM function. TIM and PDF accumulation by light (Petri and Stengl, 1997) . This indicates that a are blocked by continuous vri expression, but tim (and transient change in PDF level will cause a stable change per) null mutants produce wild-type levels of PDF (comin molecular components of a clock that regulates bepare V3 and tim 01 mutants, Figures 6A and 6B ). Although havior in at least some insects. Possibly, the novel pathlow per and tim expression result from suppressed dClk way of per and tim suppression observed in V2 and V3 function (Allada et al., 1998), and dClk expression oscilDrosophila is a direct consequence of eliminating PDF lates with a circadian rhythm, the vri and dClk phenotypes again fail to match. Accumulation of PDF protein is (Figure 7) .
How Does a Molecular
